The in vitro effects of polymyxin antibiotics on o-"'I-hippurate (OIH) accumulation in rabbit renal cortical slices were studied using incubation media with pH ranging from 6.9 to 7.9 and containing polymyxin B sulfate, colistin sulfate, sodium colistimethate and antibacterially inactive N-succinyl colistin in concentrations ranging from 1 to 2,000 tg base/mi. Polymyxin B, colistin and colistimethate depressed OIH accumulation significantly in concentrations > _ 300,ag/ml. The effects on accumulation were clearly pH-dependent and most pronounced at alkaline pH. N-Succinyl colistin had only a marginal influence on accumulation, even in high concentrations.
The polymyxins are cyclic polypeptide antibiotics, effective against a wide range of Gram-negative bacteria. The most used members of this group in human therapy are polymyxin B, colistin, and colistimethate which is a methane sulfonate derivative of colistin. All polymyxins possess nephrotoxic properties, as demonstrated in animal experiments" and experiences from the human clinic.`,') The nephrotoxicity is characterized by a spectrum of tubular damages, from slight degenerative changes to frank tubular necrosis.'''," In the present study the effects of various polymyxins on the o-1zal-hippurate (OIH) accumulation in rabbit renal cortical slices have been assessed in an attempt to elucidate further the nephrotoxicity of these antibiotics.
Materials and Methods

Measurement of o-'2'I-hippurate accumulation:
The technique employed is a modification of the method reported by CROSS and TAGGART," and has been described in details elsewhere)
Rabbit renal cortical slices were incubated in Erlenmeyer vessels for 60 minutes at 25'C with 100% oxygen in the gas space, while being shaken at 100 cycles/ minute. Each vessel contained 90' 110 mg slices, 10 MI CROSS-TAGGART medium" and 20 JIG o-'°'lhippurate/liter corresponding to approximately 3 ,ttmol/liter. The slices and aliquots of the incubation media were counted in a gamma scintillation counter and the OIH accumulation expressed as the slice to medium ratio i.e. the ratio of the counts in I g tissue to those in I ml incubation medium.
base/mg substance, as compared to colistin sulfate having an activity of 633 /pg base/mg substance. The calculated (antibacterially inactive) base content in N-succinyl colistin was 621 /gig/mg substance.
Prior to incubation the following polymyxins were added to the incubation media in concentrations ranging from 1 to 2,000 /ig base/ml: Polymyxin B sulfate (800 /tg base/mg), colistin sulfate (633 /ig base/mg), sodium colistimethate (456 /ig base/mg) and N-succinyl colistin sodium (621 pg calculated base/mg). Hereafter pH was adjusted to 6.9, 7.4 and 7.9 by means of 2 N hydrochloric acid or 2 N sodium hydroxide and using a pH-meter. Incubation was then performed as described above. All experiments were done 6 -8 times and each setup included control vessels without polymyxins. The OIH accumulation in the polymyxin-containing vessels was expressed in per cent of the accumulation in the controls.
STUDENT'S t-test for paired and unpaired values was employed in statistical evaluation of the results and the 5 % value chosen as the level of significance.
Results
The results are summarized in Table I and Fig. 1 . The antibacterially active polymyxins inhibited 01H accumulation in high concentrations. The effects were clearly pH-dependent and most pronounced at alkaline pH.
Polymyxin B: The OIH accumulation was significantly depressed at all pH values by concentrations_300 /Lg/ml. At concentrations>_ 300 pg/ml, elevation of pH from 6.9 to 7.4 and 7.9 significantly accentuated the decrease in accumulation produced by identical concentrations of polymyxin B. At pH 7.9 and 2,000,ug/ml accumulation was only 2.0% i.e. almost completely inhibited.
Colistin : Concentrations> 300 /tg/ml depressed accumulation distinctly at all pH values. At concentrations>500 pg/ml the effect was significantly more pronounced at pH 7.9 compared to pH 7.4 and 6.9. At pH 7.9, 2,000 pg/ ml depressed accumulation to 4.6%. There was no significant difference between the accumulation profiles (dose response curves) of polymyxin B and colistin at pH 6.9 and 7.4. However, at pH 7.9 colistin depressed accumulation significantly less than polymyxin B at concentrations > _ 300 pg/ml.
Colistimethate: Accumulation was moderately but significantly depressed by concentrations>_ 300 /cg/ml. The influence of pH variations was less pronounced than for polymyxin B and colistin and apparent only at concentrations > 1,000 /sg/ml ; the differences, however, were insignificant. At pH 7.9, 2,000 pg/ml depressed accumulation to 46.4%. Colistimethate produced a significantly smaller decrease in accumulation at all pH values and concentrations >_300 /cg/ml than both polymyxin B and colistin. N-Succinyl colistin: At pH 6.9 OIH ac- cumulation was slightly depressed by 2,000 ,ug/ml. At pH 7.4 accumulation decreased moderately at concentrations >_ 500 ,erg/ml. However, at pH 7.9 even high concentrations had no influence on accumulation, being 94.3 % at 2,000 pg/ml. N-Succinyl colistin had a significantly smaller effect on accumulation than both polymyxin B, colistin and (to a lesser extent) colistimethate.
Discussion
The accumulation of p-aminohippurate and OIH is a metabolic characteristic of the proximal tubular cell", involving an active transport of p-aminohippurate across the peritubular membrane, followed by diffusion through the luminal membrane into the tubular fluid." The p-aminohippurate transport system is energy requiring and closely connected with oxygen utilization' 71 and is common to numerous organic acids, which compete with each other about the transport capacity.e%
The mechanisms responsible for the polymyxin-induced effects on OIH accumulation are unclarified, but seem to imply the presence of free amino groups. Inactivation of the amino groups by N-succinylation almost eliminates the inhibitory influence on accumulation.
The antibacterial properties of the polymyxins are effected through interaction with phospholipids, especially phosphatidylethanolamine groups in bacterial membranes and subsequent damage to membrane function.') These antibiotics also interact with phospholipids in mammalian cell membranes.',",")
Impairment of the tubular cell membrane might affect the function of the OIH receptor sites,") causing decreased influx of OIH, and might also increase membrane permeability and thereby the efflux of 01H.
The results demonstrate that the influence of polymyxins on OIH accumulation is pH-dependent and most pronounced at alkaline pH. An increase in pH reduces the number of protonated amino groups and thus facilitates diffusion into and through the cell membrane according to the theory of nonionic diffusion.") Furthermore the binding of polymyxins to phospholipids shows a pH optimum In accordance with these considerations the influence of N-succinyl colistin, where the amino groups have been inactivated and which has almost no antibacterial properties, on OIH accumulation is marginal and on the whole pH-independent.
Polymyxin B and colistin, but not colistimethate, are bound to and inhibited by rabbit kidney homogenates, and subcellular fractions containing mitochondria and lysosomes are the most potent inhibitors"'; also polymyxins bind strongly to nucleic acids." It is usually assumed that polymyxins penetrate poorly into cells''. However, polymyxin B accumulate in high concentrations in the kidney" where it is retained for considerable time and most likely part of this is situated intracellularly, where it through binding to important structures might impair metabolic processes involved with OIH accumulation.
Mutual substrate competition between polymyxins and OIH seems unlikely in view of previous studies" and the observation that urinary excretion of these drugs is unaffected by probenecid."5,17I
The proximal tubular cells also possess a transport system for organic bases,3> but the affinity of polymyxins to this system is unknown. Ionic diffusion trapping has apparently no influence on the urinary excretion, which is unaffected by variations in urinary pH.1" However, the protective effect of D-glucarates suggests that the degree of protonation plays some kind of a role in colistimethate nephrotoxicity.21>
